Abstract-In the article, a predictive calculation of buried pipeline with ice-bearing and ice-rich soils thermal interaction was carried out. To describe the thermal interaction of the pipeline with permafrost soils, the enthalpy Kronik model was chosen. Calculations are made taking into account the oil temperature along the pipeline length, the physical and mechanical characteristics, temperature of the enclosing soil, regional natural and climatic characteristics. The results of the thawing depth and thaw settlement calculating have shown that the thaw settlement value depends on the thawing halo and the soil ice-content, while the change in soil types along the pipeline must be taken into account. It is also necessary to take into account the change in soil types along the pipeline. The calculation being carried out for each pipeline site, taking into account the change in soil type and condition.
I. INTRODUCTION
The change in the temperature field of permafrost soils is the main factor in the activation of negative geocryological processes that affect the strength of structures, especially the strength of extended linear objects. Forecasting the interaction of buried pipelines with permafrost soils is an urgent task for ensuring the safety and reliability of pipelines functioning.
The process of heat transfer in the soil with phase change is described by the equation: (1) where -dry density of a soil, -soil specific heat (thawed or frozen),
-latent heat, -moisture content of frozen soil due to unfrozen water, -temperature, -time, -soil thermal conductivity (thawed or frozen), -coordinates, -power of the internal heat sources.
To describe the thermal interaction of pipeline with permafrost soils, the enthalpy Kronik model was chosen [1] . This model takes into account the variability of soil characteristics as a function of the change in their temperature. The enthalpy is a continuous function over the entire temperature spectrum and includes the thermal effect of phase transitions.
corresponds to the temperature of the beginning of soil freezing.
corresponds to the freezing point of bound water. The proposed thermomechanical soil model describes the dependence of the change in heat capacity, thermal conductivity and enthalpy on temperature as follows:
I -thawed soil zone The heat capacity and thermal conductivity of thawed soil are assumed to be constant at : The heat capacity and thermal conductivity of the soil in this zone are taken as temperature-dependent soil :
where .
III -zone of freezing-thawing soil, while the amount of unfrozen water is close to the amount of absorbed water.
The heat capacity and thermal conductivity of the soil in this zone are also taken as temperature-dependent soil (6) where .
IV -zone of frozen soil with temperature from and below.
In this zone, the heat capacity and thermal conductivity of the frozen soil are assumed to be constant: (8) .
On the basis of experimental studies, the calculated soil freezing temperatures (Table 1) [2] [3] [4] were determined. 
II. RESEARCH METHODS
The initial parameters are determined for the Republic of Sakha (Yakutia) climatic conditions. The average monthly temperatures is shown in Table. 2. The start of operation is September, the duration of operation is 10 years. The problem of determining the thawing halo around the buried oil pipeline is solved numerically in the two-dimensional setting.
The process of heat transfer in the soil with phase change is described by the equation (1) .
The problem is considered in a rectangular domain. On the faces of this domain, the boundary conditions are given:
1. At the lateral and lower boundaries there is no heat exchange: (10) 2. At the upper boundary, the effect of atmospheric air is taken into account.
The convective coefficient of atmospheric air with the daily surface of the soil is determined by the following equation [5] : (11) where is the convective coefficient, is the average wind speed above the Earth's surface.
The coefficient of heat exchange of atmospheric air with the surface of the soil is determined by the equation [6] : (12) where is the coefficient of heat exchange, is the height of the snow cover on the soil surface.
The coefficient of snow thermal conductivity is determined by the following equation [7] : (13) where -coefficient of snow thermal conductivity, -density of snow, calculated by the Abe equation [8] : (14) where z is the average monthly height of the snow cover. The coefficient of heat exchange of atmospheric air with the snow cover surface is determined by the Yurgens equation [8] :
.
Calculations are made taking into account the oil temperature along the pipeline length, the physical and mechanical characteristics, temperature of the enclosing soil, regional natural and climatic characteristics. The problem is solved by the finite element method, the size of the calculation area is 80x20 m, the grid steps are 0.1 m. To ensure sufficient accuracy of the solution, the time calculation step is 10 days.
When calculating the oil temperature is assumed constant (temperature 10 ℃), there is no thermal insulation of the pipeline.
The physical-mechanical and thermophysical properties of soils are taken in accordance with SNiP [9] .
Based on the thermal calculation results the thaw settlement estimation is carried out taking into account the depth of thawing, compressibility and load on the frozen soil [10] : (16) where is the value of the thermal pressure, is the thermal conductivity of thawing soil, α is the compressibility coefficient, ξ is the thawing halo, is the pressure on the thawed soil, is the soil density, and w is the soil ice content.
Two types of soils (loam and sandy loam) with different values of ice content (ice-bearing and ice-rich) are considered.
III. RESULTS AND DISCUSSION
Type of soil -loam: density is 1400 kg/m 3 ; heat conductivity of thawed soil is 0.46 W/m* ℃; thermal conductivity of frozen soil is 1.39W/m* ℃; the volumetric heat capacity of thawed soil is 1.6*10 6 J/m 3 * ℃; the volumetric heat capacity of frozen soil is 1.47*10 6 J/m 3 * ℃; temperature of soil freezing is -0.1 ℃; the temperature of the beginning of bound water freezing is -0.5 ℃; the heat of water-ice phase transitions is 335000 kJ/m 3 . The thermomechanical model of loam with ice content i = 0.2, describing the changes in the heat capacity c, the thermal conductivity λ, and the enthalpy H of temperature, is as follows: The results of calculating the thawing depth and the thaw settlement with the ice content i = 0.2 and i = 0.4 are given in Table 3 . Type of soil -sandy loam: density is 1400 kg/m 3 ; heat conductivity of thawed soil is 0.93 W/m*℃; thermal conductivity of frozen soil is 1.05 W/m*℃; the volumetric heat capacity of thawed soil is 1.89*10 6 J/m 3 *℃; the volumetric heat capacity of frozen soil is 1.74*10 6 J/m 3 *℃; temperature of soil freezing is -0.3℃; the temperature of the beginning of bound water freezing is -0.5 ℃; the heat of water-ice phase transitions is 335000 kJ/m 3 . The thermomechanical model of sandy loam with the ice content i = 0.2, describing the changes in the heat capacity c, the thermal conductivity λ, and the enthalpy H of the temperature: The thermomechanical model of sandy loam with the ice content i = 0.4, which describes the changes in the heat capacity c, the thermal conductivity λ, and the enthalpy H of the temperature: The results of calculating the thawing depth and the thaw settlement with the ice content i = 0.2 and i = 0.4 are given in Table 4 . The value of the thaw settlement depends on the thawing halo and the soil ice content.
IV. CONCLUSION
The results of this research show that the determination of thermophysical parameters of frozen and thawed soils is crucial part for evaluating the reliability of the pipeline linear section. Their properties strongly depend on the value of the ice content and temperature. In ice-rich soils the calculated value of the thawing depth is the least, since a significant part of the heat from the pipeline is expended on the water-ice phase transition, but thawing of ice-rich soils results in the greatest thaw settlement.
It is also necessary to take into account the change in the types of soils along the pipeline. The calculation should be carried out for each site, taking into account the change in the type of soils and their state.
